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Introduction
Oxidative stress (OS) is a major component of aging that may cause molecular damage, cells and tissues dysfunction, compromising the health status of the organism (healthspan) (Berry and Cirulli 2013; Fischer and others 2016; Floyd and Hensley 2002; Fuellen and others 2018) . Of notice, the mammalian brain shows poor antioxidant defences, high metabolic rate and reduced capability of cellular regeneration, being particularly vulnerable to OS insults (Floyd and Hensley 2002) . A wide range of approaches have been designed to reduce OS in order to increase lifespan and to promote healthspan. Among these, we can enlist caloric restriction (CR), namely a reduced caloric intake without malnutrition (Loeb and Northrop 1917; Mattison and others 2007; Most and others 2017) . Despite CR being an effective strategy to slow down the ageing process, the feasibility of such intervention is tricky in a lifelong perspective, leading to reduced compliance in the general population, and possibly being unsafe for normal-weight, middle-aged and elder adults (Martens and Seals 2016; Villareal and others 2016) .
Trehalose, is an alpha-linked disaccharide of glucose synthesized by fungi, plants and invertebrates, but not by mammalian cells, potentially displaying CR-mimetic properties (Martens and Seals 2016) . Trehalose has been reported to function as a mechanistic target of the rapamycin (m-TOR)-independent inducer of autophagy (Mizunoe and others 2018;  Rodriguez-Navarro and others 2010). In particular, trehalose-mediated inhibition of glucose transport might create a functionally "starved" state, enhancing positive or bypassing aberrant energy-sensing signalling pathways that are dysregulated during the ageing process (DeBosch and others 2016; Martens and Seals 2016).
A growing body of evidence in animal models suggests that administration of trehalose leads to increased lifespan and improved healthspan (Portbury and others 2017; Sarkar and others 2014; Tanaka and others 2004) . Despite these promising results, before this compound can be employed for human use, further studies detailing its mechanisms of action need to be carried-out. In this context, it is important to highlight the yet general scarcity of knowledge about sex-differences in response to food restriction or to CR-mimetic compounds that are emerging as promising anti-aging alternatives to food-restriction regimen (Anisimov and 
Materials and Methods

Experimental subjects and trehalose administration
Twenty-four male and twenty-two female mice aged 25-months of the C57BL/6N strain (Charles River) were housed under standard conditions (Berry and others 2018) at the Istituto Superiore di Sanità animal facility. All subjects were housed 2-3/cage with same a sex conspecific. Twelve males and eleven females were administered either with 2% trehalose w/v (Sigma Aldrich) or with regular tap water (12 males and 11 females) for 30 days. A fresh solution was prepared twice/week. Since we have data to show that 24month-old C57BL/6N mice drink on average 5 ml of water each day (unpublished results) we calculated that each mouse received roughly 0.1 mg trehalose/die". The trehalose dose has been selected based on its efficacy as reported in previous studies carried out on different mouse models (particularly of neurodegenerative disorders) involving a dysregulation of the autophagic process (Kara and others 2013; Schaeffer and others 2012; Tanaka and others 2004; Tanji and others 2015). Before starting the compounds' administration, body weight was registered and all subjects underwent a basal assessment of physical strength (grip strength) and motor coordination (beam walking). Body weight was recorded each week (by the time fresh solutions were prepared). At the end of treatment, mice were re-assessed for physical strength (grip strength) and motor coordination (beam walking and rotarod tests) and sacrificed immediately after. Brains (frontal cortex) and limb muscles (gastrocnemius) were dissected out and frozen for further analyses (see Fig. 1 for an experimental timeline). All experimental procedures were conducted in conformity with the European Directive 2010/63/EU and the Italian legislation on animal experimentation, D.Lgs.vo 26/2014 and were approved by the Istituto Superiore di Sanità Ethical Committee (Organismo Preposto per il Benessere Animale -OPBA) and by the Italian Ministry of Health.
Behavioral Phenotyping
Grip strength
The grip strength is a main measure muscular strength used for mice. Mice instinctively hold on to materials with a strong grip. This test is commonly used to 
Beam walking
Fine changes in motor coordination and balance in response to trehalose administration were evaluated assessing the ability of mice to traverse two narrow beams of different diameter. The goal of this test is for the mouse to stay upright and walk across an elevated narrow beam. The motivation to perform the task is provided by a safe platform positioned at the end of the beam (Curzon and others 2009). Beams were placed horizontally, 50 cm above the table. Mice were first trained to traverse a beam of 2 cm in diameter (1° BEAM) and 2h later a beam of 1 cm in diameter (2° BEAM) to increase the task difficulty. Latency to traverse each beam within the allotted time (cut off 60 s) was recorded as well as the number of subjects that fell off the beams before and after treatment administration (Deacon 2013a).
Rotarod
Accelerated rotarod training can be regarded as a valid paradigm for motor skill learning over short (intra-session, minutes) and long time frames (inter-session, days)
(Buitrago and others 2004). Changes in motor learning, coordination and balance in
response to trehalose administration were tested using an accelerating rotarod (Accelerating Rotarod, Ugo Basile, Gemonio, Italy) (Curzon and others 2009). Mice with deficits in motor coordination or balance fall off the rotarod before the end of the 5-minute test session (Crawley 1999) . The test has been performed by placing a mouse on a rotating rod with a diameter of 3 cm and measuring the latency to fall (in seconds), 
Protein Carbonyl Assay
Carbonyl groups present into proteins as a result of oxidative reactions were evaluated in brain tissue with Oxidized Protein Western blot detection (Abcam, ab178020; Cambridge, MA, USA). Twenty micrograms protein load was used in all groups; protein carbonyl groups were measured according to the manufacturer's instructions. As expected male subjects showed higher body weight than females (sex main effect: F(1,42)=10.261; p=0.026; mean ± SEM: 28.5 ± 1.9 and 30.4 ± 2.2 respectively for females and males). When male and females were analysed separately, trehalose treatment was able to counteract the age-dependent decrease in body weight observed in females (F(1,20) =5.411;p=0.0306) but not in males (F(1,22) =0.678; p=0.4192), see Fig. 2a .
Statistical Analysis
Results
Body weight and Behavioral
Grip strength
No difference was found as a result of trehalose administration (females: U(11,11)=52.000; p=0.5761; males: U(12,12)=63.000; p=0.6033).
Beam Walking
Females showed a worsening in their performance over time when traversing the 1° BEAM (broad beam: p=0.0269) but not the 2° (narrow beam: p=0.267) while the opposite was observed in males (larger beam: p=1.000; smaller beam: p=0.0159).
No difference was found over time neither in control (p=0.1306) nor in trehalose-treated subjects (p=0.2207) on the 1° BEAM. By contrast, on the 2° BEAM -requiring more refined motor coordination abilities -trehalose-treated mice maintained a stable performance (p=0.1824, see Fig. 2b ) while control subjects showed a worsening in motor function over time (p=0.0389).
Rotarod
No difference was found as a result of treatment in trials 1 and 2 neither for females nor for males (females, trial 1: U(11,11)=55.000; p=0.7178; trial 2: U(11,11)=47.000; p=0.3750; males, trial 1: U(12,12)=68.000; p=0.8173; trial 2: U(12,12)=51.500; p=0.2365). However, on trial 3, trehalose improved the motor performance of male subjects (males: U(12,12)=30.500; p=0.0165; females: U(11,11)=48.500; p=0.4304); Fig. 2c .
Analyses on peripheral and central tissues
In some cases, following the extraction procedure, tissue was not sufficient to carry out all the ex-vivo assessments on all the experimental subjects; in the specific case of carbonyl groups 1 ctrl male and 1 trehalose-treated male were found to be outliers and were excluded from the analysis; likewise 1 ctrl male and 1 trehalose-treated female Tables 1 and 2) .
Analysis of oxidative markers in frontal cortex
When OS markers were assessed in the frontal cortex, a main effect of sex was found with females showing elevated levels of carbonyl groups (F(1,33) =14.322, p=0.0006, mean ± SEM: 3.093 ± 0.617 and 0.307 ± 0.042 respectively for females and males). Data expressed as % change to control and separately analysed in males and females showed no difference as a result of treatment neither in females nor in males (females: F(1,19)=0.949; p=0.3423; males: F(1,14)=9.34 10-6 ; p=0.9976, see Fig. 3 a) . A main effect of sex was found for Nrf2 (F(1,38)=9.940; p=0.0032, mean ± SEM: 0.452 ± 0.0089 and 0.151 ± 0.042 respectively for females and males) with females being characterised by higher protein levels (data not shown). Data expressed as % change to control and separately analysed for males and females, showed that males were characterized by increased Nrf2 levels as a result of treatment (F(1,20)=4.604, p=0.0444), this was not observed in females (F1,18)=0.539; p=0.4721), see Fig. 3 b. 
Autophagy (LC3II/Actin)
A main effect of sex was found with male subjects showing greater autophagic rate when compared to females in the frontal cortex (F(1,40)=8.391; p=0.0061, mean ± SEM: 0.179 ± 0.018 and 0.314 ± 0.049 respectively for females and males). Data expressed as % change to control, and separately analysed for males and females, revealed that trehalose increased LC3II/actin ratio levels only in males (males: F(1,20)=7.006; p=0.0155; females: Fig. 3 c) . No effect of treatment was observed in the gastrocnemius muscle (males: F(1,19)=0.381; p=0.544; females: F(1,19)=1.046; p=0.3192, Fig. 4 a) .
Ubiquitination (Ubiquitin/Actin)
A significant sex x treatment interaction (F(1,39) 5.870; p=0.0201, see also Supplementary Table 1 ) was found in the frontal cortex. Data expressed as % change to control and separately analysed for males and females revealed that trehalose-treated males showed a strong trend towards increased levels of ubiquitinated proteins (F(1,20) 
Discussion
Results from this study show that one month of oral trehalose administration leads to positive sex-dependent effects in senescent mice. In more detail, trehalose prevented the age-related decrease in body weight in old females, while improving motor function in males, this latter effect being accompanied by increased levels of Nrf2 and of autophagy in the frontal cortex. These effects were specific for the brain and were not observed in peripheral muscles. master this motor test. In fact, differently from other motor tasks, mice must learn to associate sensory states (proprioceptive, vestibular, position in space and on rod) with the appropriate motor response to facilitate remaining on the accelerating rotating rod rather than falling (Beeler and others 2010; Buitrago and others 2004) . The difference between simple motor performance and motor learning is clearly apparent in animal models of Parkinson's Disease. For example Beeler and co-workers found that PITx3deficient mice do not display motor deficits unless they are assessed in more complex tasks that require learning of new motor skills, such as the rotarod test (Beeler and others 2010). Our results show that trehalose treatment improved motor learning in males only (trial 3). Some evidence suggests that females perform better than males in motor coordination/motor balance tests. As an example, Oliveira and colleagues found that female C57BL6 mice outperformed males both in the rotarod as well as in the beam walking test, showing a shorter latency to cross the beam and a higher latency to fall-off the accelerated rod (Oliveira and others 2015) . Moreover, Jung and Metzger showed that female rats were characterized by a better performance compared to males on the rotarod, upon an oxidative insult, suggesting that the cerebellum, that is involved in motor learning, might be a preferred target for these regulations (Jung and Metzger 2016) . Although we did not analyse this specific brain area, we can hypothesize that trehalose might specifically improve motor learning abilities rather than muscle-related motor function in the sex showing the worst performance, possibly through mechanisms involving central modulation of OS status. This piece of data is partially supported by the observed increase in the levels of Nrf2 and autophagy in the frontal cortex (but not in limb muscle) of trehalose-treated male mice. Our observations are in line with very recent evidence by Mizunoe and colleagues suggesting that trehalose, acting as an antioxidant, protects against OS by regulating the Keap1-Nrf2 and autophagy pathways (Mizunoe and others 2018) . In more detail, trehalose might be able to There are data to indicate that the brain of female mice is characterized by higher antioxidant capacity throughout life, including aging (Berry and others 2012; Guevara and others 2009; Sobocanec and others 2003) . Indeed, we found that female mice showed increased Nrf2 levels, when compared to males. Thus, once again it is possible to hypothesize that the trehalose-dependent increase in Nrf2 protein levels occurs in the sex that is more vulnerable (i.e. males). These results are in line with previous data from our group showing that females prenatally exposed to the antioxidant N-acetyl-cysteine, in association with highfat diet, are more resistant to changes in glutathione levels in the central nervous system compared to males, while the opposite holds true in the periphery (Berry and others 2018) . 
Trehalose was able to reduce the sharp decrease in body weight
Concluding remarks
Taken together, our data, although preliminary, suggest that oral trehalose administration leads to improved healthspan in old mice in a sex-dependent fashion with no overt side effects. Mechanisms potentially involved in the beneficial effects of trehalose seem to Journal Pre-proof rely upon both the activation of the Nrf2 pathway -and the consequent improvement in antioxidant defences -as well as to a fine modulation of autophagy; these mechanisms might be toned-down differentially by the aging process in male and female subjects.
Further studies will need to carefully address sex differences identified in response to trehalose administration taking also into account the mechanisms underlying the crosstalk between peripheral and central tissues. Moreover, it would be worth assessing whether the observed improvement in healthspan, after a short-term trehalose administration (started at senescence), might also increase longevity. 
